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Vik A, Jenssen BM, Eftedal O, Brubakk AO. Relationship between venous bubbles and
hemodynamic responses after decompression in pigs. Undersea & Hyperbaric Med 1993;
20(3):233-248.—We present a new pig model for studying relationships between venous gas
bubbles and physiologic effects during and after decompression. Sixteen pigs were anesthe-
tized to allow spontaneous breathing. Eight of them underwent a 30-min exposure to 5 bar
(500 kPa) followed by a rapid decompression to 1 bar (2 bar/min); the remaining eight served
as controls. The pigs were monitored for intravascular bubbles using a transesophageal
echocardiographic transducer, and bubble count in the two-dimensional ultrasound image of
the pulmonary artery was used as a measure of the number of venous gas bubbles. Effects
on physiologic variables of the pulmonary and the systemic circulations were either measured
or estimated. We detected venous bubbles in all pigs after decompression, but the inter-
individual variation was large. The time course of changes in the mean pulmonary artery
pressure, in the pulmonary vascular resistance, in the arterial oxygen tension, and in the
pulmonary shunt fraction followed the time course of the bubble count. In contrast, such a
relationship to the number of venous gas bubbles was not found for the immediate increase
in mean arterial pressure and for the changes in the other variables of the systemic circulation.
We conclude that the number of venous gas bubbles, as evaluated by the bubble count in
the ultrasound image of the pulmonary artery, is clearly related to changes in the variables
of the pulmonary circulation in this pig model.

swine, decompression sickness, air embolism, pulmonary circulation, echocardiography

Venous gas bubbles are known to be formed in divers during or after many decom-
pressions (1-3). Such bubbles may be *‘‘silent’’ and induce no acute symptoms (3),
or they may induce symptoms of DCS. However, it is also possible that silent bubbles
can induce minor damage in tissues and result in long-term effects in divers (4).
Regarding DCS, the precise cause of the disease is unknown, but it is clear that the
pathogenesis proceeds via the formation of an endogenous gas phase. Thus, to
elucidate the importance of venous gas bubbles in the pathogenesis of DCS as well
as in the development of any long-term effects in divers, the relationship between
the amount of gas that appears as bubbles in the venous circulation and physiologic
responses is an important issue.
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Many decompression experiments using different animal models have been per-
formed during the last century, but monitoring of the hemodynamic effects in larger-
sized animals has only been done in a limited number of studies (1, 5-11). Symptoms
of DCS such as paresis, ‘‘chokes,’”’ or death have been used as an endpoint, and
usually the amount of venous gas emboli in the pulmonary circulation has been
unknown.

To study the relationship between intravascular gas bubbles formed during decom-
pression and their physiologic responses, reliable systems for determining the pres-
ence and quantities of intravascular gas bubbles are required. Doppler instruments
are by far the most common application of ultrasound for bubble detection (1, 12).
However, it has been argued that ultrasound imaging may have several advantages
in the detection (1) and possibly in the quantification of intravascular gas bubbles
(12, 13).

In this study, we present a pig model for investigating the occurrence of venous
gas bubbles and the physiologic responses of decompression stress. This species
was chosen because certain cardiopulmonary similarities between the pig and the
human have been pointed out (14, 15). The young pig (>2 mo.) has a lung circulation
morphologically similar to that of adult humans (16), and the pig seems to respond
to exercise in the same way that humans do with regard to oxygen consumption and
cardiac output (17, 18). We have developed a method for estimating relative quantities
of gas bubbles in the venous circulation of the pig by counting bubbles in the ultra-
sound image of the pulmonary artery (19). These bubble counts were related to
changes in physiologic variables, something that has not been reported previously.

MATERIALS AND METHODS

Surgical procedure

Sixteen domestic farm swine (2-3 mo. old, body weight 19.5-29 kg) were used as
experimental animals. The pigs were fasted for 16 h with free access to water. Fifteen
to twenty minutes before induction of anesthesia, the pigs received premedication;
7-9 mg/kg azaperonum (Stresnils, Janssen) were injected intramuscularly. Atropin-
sulfat (1 mg, Atropin, Hydro Pharma) was thereafter given intravenously via an ear
vein, and anesthesia was induced by thiopental sodium (5 mg/kg, Thiopenton
Natrium, Nycomed Pharma) and ketamine (20 mg/kg, Ketalar, Parke Davis) main-
tained by a continuous i.v. infusion of ketamine in 0.9% NaCl (30 mg - kg™' - h™).
A tracheotomy was performed, whereafter the pigs were in the supine position,
breathing spontaneously through an endotracheal tube. Body temperature was moni-
tored by a rectal probe and maintained at 37.5°-38.5°C using a heating pad during
surgery. During the dive the temperature inside the chamber was regulated
(29.5°-30.5°C). Since a superficial, irregular respiratory pattern was observed approx-
imately 30 min after anesthesia was induced, a bolus dose of a-chloralose in 0.9%
NaCl (10-15 mg/kg, 0.25% solution, Sigma, St. Louis, MO) was injected intrave-
nously. One or two supplemental doses were usually injected during the following
30 min to achieve a more regular respiratory rate. It was necessary, however, to
restrict the dose to avoid CO, tensions above 6 kPa in the arterial blood (20). During
the rest of the experimental period, no supplemental doses of a-chloralose were
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injected because the anesthetic is known to have a longlasting effect (21). After the
injection of the a-chloralose solution, the ketamine infusion provided the pigs with
i.v. fluid at a rate of approximately 3-4 ml - kg™ -h™".

Two polyethylene catheters (0.76 mm i.d.) were introduced into the left jugular
vein and moved into the pulmonary artery to measure pulmonary arterial pressure
and to obtain mixed venous blood for gas analysis. A third catheter was positioned
in the right atrium via the right jugular vein for measurement of central venous
pressure. Two polyethylene catheters (1.14 and 0.76 mm i.d.) were inserted into the
right femoral artery and advanced into the abdominal aorta for continuous monitoring
of arterial pressure and to obtain samples for analysis of blood gas composition.

Measurements and calculations

All intravascular pressures were recorded on a Grass polygraph (model 7D, Grass
Instrument Co, Quincy, MA) using transducers (Sorensen Transpac I1, Abbott Labo-
ratories), which were calibrated against a mercury manometer, with zero pressure
referred to the left ventricular mid-level. Calculations of mean pulmonary arterial
pressure (PAP), mean arterial pressure (MAP), and mean central venous pressure
(CVP) in millimeters of mercury, and calculation of heart rate (HR, beats/min) were
made after the experiments.

Arterial and mixed venous blood were analyzed for Po, and Pco, using an IL 1306
pH/blood gas analyzer (Instrumentation Laboratories), and the blood gases were
corrected for changes in rectal temperature using standard methods. Further, hemo-
globin (Hb, g/100 ml), %0,Hb (% of oxyhemoglobin), and %COHDb (% of carboxyhe-
moglobin, see Eq.6) for calculating content of oxygen were measured using an IL
482 CO-Oxymeter (Instrumentation Laboratories). Oxygen content in arterial (Cag,,
ml/100 ml) and mixed venous (Cv,,) blood was calculated according to the equation:

%0,Hb
100 (1

where 1.53 (ml/g) is the oxygen transport capacity of 1 g of pig hemoglobin [calculated
from data given by Hannon et al. (22)]; and (Po, - 0.003) is the amount of oxygen
(ml/100 ml) physically dissolved in the plasma.

Estimates of pulmonary blood flow (Q, ml - kg™' - min~') were made using the
direct Fick method:

Cao, (or Cv,) = (1.53 - Hb - ) + (Po, - 0.003)

Q= ﬂz_
Cao, — Cvy, )

where Vo, is the oxygen consumption (ml - kg™' - min~') calculated according to

the equation (23):

Flo1 - FEO;
[(1 — Fip) + RQ - (Floz — FEp))] - BW 3

vOZ — VE s
VE (ml - min~', converted to standard conditions after the experiment, STPD) is the
expiratory flow; Fi,, and FEo, are the O, fractions of the inspiratory and expiratory
air, respectively; RQ is the respiratory quotient, assumed to be 0.90; and BW is the
body weight of the pig. The VE was measured by a flow transducer head (Fleisch
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no. 2) connected to a two-way valve located at the proximal end of the endotracheal
tube. By means of thin-gauge polyethylene tubing, the alternating differential pressure
was fed to a pneumotachograph (Gould Godart), and VE was recorded continuously
on the Grass polygraph (except during the chamber dive). The pigs breathed room
air during the experiment, and the Fi,, was analyzed before the experiment by
sampling a fraction of room air, drying it using Silica gel, removing CO, by the use
of a CO, absorbent (Ascarite), and passing it into an oxygen analyzer (S3A, Applied
Electrochemistry). FE,, was measured continuously during the experiment (except
during the chamber dive) by sampling a fraction of the respiratory gas from the
expiratory tubing. The values were recorded on a chart writer (Watanabe Servo-
corder, SR 6310).
The total pulmonary shunt fraction was calculated using the equation:

. . CCO == Cao
f A P 2 2
W= e, = Cv, “@)

where Q, = shunt flow and Q, = flow through the pulmonary system. Cco, (end-
capillary oxygen content, ml/100 ml) was calculated according to the equation:

C.;;Oz = (1.53- Hb - K) + (0.0031 - PAOI) (&)
where
B B %COHb,

for PAg, < 125 mmHg. PA,, (alveolar tension of O,, mmHg) was estimated as:

1 - Fip
PAo, = [Flo, - BP] — [Paco, * (Fip, + T’}] 7
where BP is the barometric dry pressure.
In estimating pulmonary vascular resistance (PVR, mmHg - ml ™' - kg » min), left
atrial pressure was assumed to be zero.

PVR = PAP/Q @8
Systemic vascular resistance (SVR, mmHg - ml~' - kg - min) was estimated as:

SVR = (MAP — CVP)/Q )

Bubble detection

A transesophageal echocardiographic (TEE) probe (6.5 MHz) interfaced with a
CFM 750 color flow scanner (Vingmed, Horten, Norway) was inserted and positioned
to obtain a simultaneous two-dimensional view of the pulmonary artery and the aorta
(24). The ultrasound images were stored on videotape during the compression and
decompression periods, as well as during the following 90 min. Digitized images
were transmitted at regular intervals from the CFM scanner to a Macintosh 1I com-
puter. These images were subsequently processed using a software program for



Scanned for the Undersea and Hyperbaric Medical Society by The Rubicon Foundation
in cooperation with Global Underwater Explorers. (http://rubicon-foundation.org)

EFFECTS OF DECOMPRESSION IN PIGS 237

automatic quantification of the number of gas bubbles (19) (Fig. 1). Thus, a relative
estimate of the amount of venous gas bubbles in the pulmonary artery was obtained.

The minimum size of a bubble that could be automatically detected and counted
was not limited by the software program, but by the ultrasound equipment, because
no information was lost in the process of digitizing and transferring the images to
the computer. Small-sized gas bubbles (=50 pm) have been injected into a hydrome-
chanical simulator of the cardiovascular system and detected and counted after
transmission of digitized images (19). We do not know exactly the detection threshold
of the TEE probe used in this study, but most likely it detects gas bubbles far below
50 wm (24, 25). We had technical problems with the penetrator in the chamber in
one of the first experiments in this study, allowing no accurate counting of the bubbles
in the ultrasound image. However, the TEE probe has provided a high-quality image
of the pulmonary artery in >97% of our subsequent pig experiments.

Experimental procedure

After surgery, the pigs were placed inside a chamber (300 liter) specially con-
structed to fit pigs of this size. At least 30 min were needed for stabilization, and
predive data were collected at 20 min and at 3-5 min before compression started.

Eight pigs [decompression group, BW 22.8 kg (sD 2.0)] underwent a 30-min expo-
sure to 5 bar (500 kPa) (compression rate 2 bar/min), followed by a rapid decompres-
sion to 1 bar (2 bar/min). Bottom time was calculated from the beginning of compres-
sion to the beginning of decompression. The pigs were breathing chamber air during
the experimental dive, and soda lime was placed inside the chamber to prevent an
increase of CO, in the chamber atmosphere. Continuous monitoring of gas bubbles
in the pulmonary artery and of intravascular pressures was carried out during the
dive, using special chamber connectors. Data were collected immediately after sur-
facing, and then every Sth min during the initial 30 min after decompression. Thereaf-
ter measurements were made at 15-min intervals, with the final measurement made
after 90 min. The first values for Q,/Q,, Q, PVR, and SVR were calculated 5 min
after surfacing. After the experiments, the hearts of all the pigs were investigated
at autopsy; none of the animals had a patent foramen ovale.

FIG. 1—Ultrasound image of
the pulmonary artery in one pig
after decompression. Gas bub-
bles have been detected (circles)
and counted automatically after
transmission to a Macintosh II
computer.
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Eight additional pigs served as controls [control group, BW 23.6 kg (SD 2.9)]. They
were subjected to a procedure identical to that of the decompression group, except
that they underwent no compression. Data measurements were obtained at the same
intervals as those for the pigs exposed to pressure. The observation period was 110
min, which corresponds to the period from —50 to 60 min postdecompression for
the decompression group.

Statistics

Data were analyzed on a Macintosh computer (Stat Works version 1.2, Cricket
Software Inc., Philadelphia, PA). Maximum and minimum values of each variable
were compared with the base-line values for any significant effects, using paired
Student’s ¢ test. Furthermore, the times taken to reach maximum change from base
line were calculated (26). In the control group, base-line values were compared with
the corresponding values at the end of the observation period using paired Student’s
t test. Spearman’s rank correlation was used for analysis of correlation. Because
many variables were tested, P < 0.01 was defined as the level of significance; 0.01
< P < 0.05 indicated a tendency, although no significant effect could be shown.
Values are presented as means (95% confidence interval, CI) in the text, in the tables,
and in figure 4.

RESULTS

Formation of gas bubbles

Gas bubbles appeared in the pulmonary artery in all pigs. We usually detected the
first bubbles during the last 10-15 s of the decompression (at approximately 1.5 bar)
or immediately after ‘‘surface’’ was reached. The relative bubble count increased
rapidly during the ensuing period, to reach a maximum at 21 min (95% CI 13 to 29)
(Fig. 2). Thereafter the bubbles decreased in number, but it was still possible to
observe venous gas bubbles 90 min after decompression in all pigs. The time to reach
maximum value of the bubble count was chosen so that no increase >10% occurred
during the following period. As can be seen from Fig. 2, five of the pigs had many
bubbles in the pulmonary artery, whereas the two remaining pigs (no. 29 and 31)
generated considerably fewer bubbles (range of maximum bubble count: 58-338
bubbles - s' - cm ™).

Hemodynamic responses

Pulmonary arterial pressure increased rapidly after decompression (Table 1).
Ninety minutes after decompression, PAP had returned to predive values or was
lower than predive values. The time course of the PAP changes was related to
changes in relative bubble counts, as demonstrated in Fig. 2. A correlation between
time to reach maximum PAP and time to reach maximum bubbles was observed,
although it was not significant (r, = 0.80, P = 0.033, n = 7). However, in most
pigs, the highest PAP values appeared before the highest number of bubbles was
counted. An increase in PAP of =1 mmHg was accepted as a normal variation when
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choosing the maximum value of PAP. Although there seemed to be a relationship
between the maximum bubble count and the corresponding change in PAP, as demon-
strated in Fig. 2, no significant correlation was observed (r = 0.43, P = 0.34,
n = 7), which could be due partly to small sample size.

The other variables of the pulmonary circulation, Q/Q, and Pa02 (Fig. 3) and PVR,
also showed a time-dependent response similar to that observed for the bubble count.
It should be noted that the Pa,, values were very high and showed wide variations
immediately after the chamber dive (13.9-23.6 kPa) due to the high Po, tension in
the chamber and probably to differences in the ventilatory pattern during the last
period of the hyperbaric exposure.

Central venous pressure increased rapidly to reach peak values (Table 2), followed
by a decrease below predive values. Similarly, MAP increased in all pigs to reach
maximum values (Fig. 4). A decrease below predive values was thereafter observed.
In contrast, Q values tended to be reduced compared to the predive values when
MAP reached its maximum. SVR was therefore significantly higher than it was before
the dive. SVR thereafter decreased and stabilized at a level between the peak and
the predive values, whereas Q remained low throughout the experiment. No changes
in HR could be detected.
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FIG. 3—Change in shunt fraction (Q,/Q) and in arterial O, tension (Pa,, ) (i.e., from predive values) after
decompression in seven pigs in which bubbles were counted. Few bubbles were counted in pigs 29 and
31.

Control group

The measured and calculated physiologic variables in the control group remained
stable throughout the 110-min observation period (Table 3). However, the QJ/Q,
demonstrated a tendency to decrease, and the SVR tended to increase slowly.

DISCUSSION

We have presented a pig model that allowed us to do a relative estimation of the
number of gas bubbles that entered the pulmonary circulation after decompression.
Furthermore, this estimate of venous gas bubbles could be related to physiologic
effects. If we assume there is a relationship between the occurrence of DCS and the
total gas loading in the body, and possibly the amount of gas that enters the pulmonary
artery as gas bubbles (27), this model can be of great value in further research on
decompression-related problems.

Responses to gas bubbles in the pulmonary circulation

We expected the pigs to generate venous gas bubbles because a severe decompres-
sion profile had been chosen in this experiment. However, in two of the pigs, very
few bubbles were detected. Thus, the great variation in the degree of bubble formation
observed in our eight pigs accords with the individual variability in endogenous gas
generation found in humans (3).

The results clearly demonstrated relationships between the time course of the
bubble count and the time course of the changes in PAP. During air infusion, a
relationship has been shown to exist between the infusion rate and the rate of increase
in PAP (24, 28). Furthermore, maximum PAP values have been shown to be dose-
related up to a threshold above which PAP does not increase any further (29, 30).
Since the number of gas bubbles that enters the pulmonary circulation after decom-
pression is time-dependent, it is difficult to extrapolate the results from studies on
continuous air infusion to explain effects caused by decompression. It is likely,
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Fig. 4—Effects of rapid decompression on MAP
for the eight pigs in the decompression group (solid
circles). Control group underwent no compression
(open circles, n = 8). For clarity, the values pre-
sented in the figures for the control group are 2
min later than those actually recorded at the times
shown. Error bars = 95% Cl.
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however, that a relationship exists between the number of venous gas emboli and
PAP changes after decompression. The rate of increase in PAP, the maximum PAP
value, and the rate of decrease in PAP are therefore probably related to the amount
of gas that appears as bubbles in the pulmonary circulation.

In the two pigs in which few bubbles were detected, we observed a small increase
in PAP, whereas a larger increase in PAP was observed in the pigs that had many
bubbles in the pulmonary artery. These findings suggest that the bubble count in the
ultrasound image can be used as an indication of the amount of gas that appears as
venous bubbles in different individuals. One should note, however, that a consider-
able range of individual PAP changes occur during continuous air infusion, in spite
of using the same infusion rate (24, 30). The correlation between the dose of venous
gas bubbles and PAP changes in a single individual is therefore not sufficiently close
to allow accurate prediction, even when the amount of gas that enters the pulmonary
circulation as bubbles is known. In addition to low sample size, this latter fact could
explain why we did not find a significant correlation between maximum bubble count
and the corresponding PAP changes.

Interestingly, maximum values of PAP were reached before maximum bubble
count in most of the pigs. In several pigs, the PAP had started to decrease when the
number of gas bubbles seemed to be at its highest. We suggest that vasoconstriction
in the pulmonary vasculature contributed to the rapid increase in PAP during the
initial 20 min after decompression. In most of the pigs, a small decrease in all
three intravascular pressures was observed during compression. A high Pa,, during
compression may induce a relative vasodilation in the pulmonary vasculature and
thereby reduce the PAP (31). Vasoconstriction in the pulmonary circulation after
decompression could be secondary to this ‘*hyperoxic vasodilation.”” However, the
relationship between bubble count and PAP changes (Fig. 2), as well as the correlation
between time to reach maximum bubble count and time to reach maximum PAP,
suggests that gas bubbles in the pulmonary circulation contributed to the major
increase in the PAP.

It is well documented that gas emboli, in addition to obstructing the pulmonary
vasculature mechanically, induce vasoconstriction either by the release of mediators
or by activating reflex mechanisms (32). Small-sized bubbles (<170 wm) are more
likely to induce vasoconstriction than larger-sized bubbles (33). In dogs, it was found
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that the inert gas bubbles increased in size during the initial 25-min period after
decompression (34). We suggest that the rapid increase in PAP in our pigs, that
occurred immediately after surfacing, was caused by small-sized bubbles that induced
vasoconstriction. During the following period, larger-sized bubbles probably induced
less vasoconstriction, and the PAP could actually decrease despite an increasing
number of bubbles.

Changes in the other three variables of the pulmonary vasculature, PVR, Pa,,,
and Q,/Q,, were also related to bubble count. The Q/Q, ratio, or shunt fraction,
describes the fraction of blood that is passing through unventilated areas from the
right to the left of the heart, and the Q/Q, and Pa,, values are usually related
(31). During pulmonary microembolization, collapsed lung units probably induce an
increase in Q,/Q, (32). Inasmuch as none of the pigs had a patent foramen ovale,
this can be excluded as a factor contributing to the increase in Q !Q, (32). The course
of these three variables supports the finding of a relationship between the number
of gas bubbles after decompression, as evaluated by bubble count in the ultrasound
image, and effects on the pulmonary circulation.

Responses in the systemic circulation

Central venous pressure and MAP values increased after decompression and
returned to base line when the bubble count reached maximum. SVR and Q did not
show the same relationship to the bubble count as the four variables of the pulmonary
circulation did. An activation of the sympathetic nervous system or a release of
vasoactive substances could explain the sudden increases in MAP and SVR values
and the decrease in Q values. Bove et al. (6) speculated that the rise in systemic
resistance observed in their dogs could be due to obstruction of peripheral vascular
beds by local bubble formation or bubble emboli. We know that only two of our
pigs had arterial gas bubbles that had escaped pulmonary filtration (35), but the
increases in MAP and SVR were observed in all eight pigs. A rapid increase in
plasma catecholamines has been observed after decompression in dogs (8), and no
increase in MAP was reported, but data were not presented for the period when
MAP and SVR peaked in the present study. Since the changes in MAP, SVR, and
Q observed in our study are compatible with the effects of norepinephrine on the
systemic circulation (36), we could speculate that a release of catecholamine may
contribute to the effects we report.

During air infusion in mechanically ventilated pigs, we demonstrated a decrease
in MAP, and a small decrease was observed in the present pigs after the MAP had
reached peak values and returned to base-line values (Fig. 4). The secondary decrease
in MAP was therefore most likely an effect of venous gas emboli, whereas the
immediate increase could be an effect of both the decompression and the gas bubbles.

In the control pigs we observed that both the measured and the calculated values of
most monitored variables remained very stable throughout the 110-min observation.
When anesthetized, spontaneously breathing animals are used in experimental stud-
ies, atelectasis of the lungs and thereby reduced alveolar ventilation and increased
Q,/Q, ratio may be a complication (31). The opposite situation was observed in our
pigs, namely a tendency for the Q/Q, to decrease, which indicates a satisfactory
ventilation in the pig model. Although there was a tendency for SVR to increase
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slowly in the control pigs, this cannot explain the rapid change in SVR in the decom-
pression group, where the SVR curves peaked 5-15 min after decompression.

It has often been argued that use of the direct Fick method for measuring Q requires
the existence of stable conditions during the last 3 min before sampling (31). However,
if an oxygen analyzer is used to measure oxygen consumption continuously, 30-45
s may be sufficient for stabilization after circulatory and respiratory changes (37).
The main source of error during an unsteady state is changes in pulmonary ventilation
(37). Unpublished data show a small increase in ventilation during the initial 15 min
after decompression in our pigs, which may have resulted in an overestimation of
Vo, and Q. Thus, both the decrease in Q and the increase in SVR calculated at
maximum MAP may have been underestimated.

Studies on sheep (1, 5, 11), dogs (6-9), and goats (10) have also been performed
to elucidate physiologic effects after rapid decompressions. In these studies, different
animal models and different dive profiles were used, so it is difficult to directly
compare the observed effects. The study by Bove et al. (6) on anesthetized, spontane-
ously breathing dogs exposed to 8 bar (40-60 min) followed by rapid decompression
seemed to demonstrate qualitatively the same hemodynamic effects as observed in
our pigs. Right ventricular pressure, PVR, CVP, MAP, and SVR all increased,
whereas Q and Pa,, decreased. An exception was the HR, which increased in their
dogs but not in our pigs.

Method of detection and quantification of gas bubbles

In most of the above-mentioned studies in other animal species (1, 5, 6, 10, 11),
ultrasound Doppler was used to detect bubbles. Powell et al. (1) tried to estimate
the amount of gas that appeared as bubbles after decompression by comparing the
increase in right ventricular systolic pressure (RVSP) with the increase in RVSP
observed during venous air infusion at different rates. From this comparison they
suggested the dose of gas after decompression at which the different Doppler grades
occurred (Spencer’s 0—4 scale). Atkins et al. (5) also presented Doppler results, using
Spencer’s code and mean effects of the physiologic variables, whereas D’Aoust et
al. (10) indicated a relationship between the increase in bubble count as measured
by Doppler and the decrease in mixed venous N, content.

The use of two-dimensional imaging and a software program for automatic counting
of bubbles in the pulmonary artery introduces new possibilities for quantification of
the venous bubbles arising during and after decompression (19). One major advantage
over Doppler grading methods is that the two-dimensional imaging requires little
previous training, whereas training is required for the use of Doppler grade analysis
(38). Better spatial resolution suggests that the scanning method is more sensitive
than the Doppler method (Fig. 1). Finally, the ultrasound imaging method gives an
objective, continuous, and linear scale of the number of intravascular gas bubbles
detected. The Doppler gradings are somewhat subjective, and the relationship
between the grades and the number of gas bubbles is non-linear. Furthermore, the
grading scale is not continuous. Using two-dimensional imaging, the occurrence of
arterial gas bubbles can also be monitored simultaneously (1, 24, 35)

The disadvantage of the two-dimensional imaging system is that the equipment is
more expensive and complicated and less portable than the Doppler system. It should
be noted that two-dimensional imaging only permits approximate quantification of
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the amount of gas that enters the pulmonary vasculature as gas bubbles, because
the images do not cover the whole pulmonary artery and no attempts have been
made to estimate the size of the detected bubbles. Despite these limitations, a TEE
transducer is a valuable tool for detection and semiquantification of gas bubbles
when anesthetized animals are used in decompression-related research.
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